At the end of the last millennium, numerous (USSR and U.S.) spacecraft were sent to Mars to begin exploration of that planet. Mars Global Surveyor (1997 onward) is one of the successful missions that provided a detailed map of the topography and high resolution images of the surface, and also discovered unusually large remanent magnetism of the crust (up to 20 times larger than terrestrial standards).
Magnetizing mechanisms. Minerals contained within the cooling Martian crust were magnetized by the ambient magnetic field. Two distinct mechanisms allow homogenous magnetizations of large volumes of rocks within the crust at temperatures dependent on the particular mineral-commonly around 500°C. Mechanism 1 is acquisition of thermoremanent magnetization (TRM) by the magnetic minerals cooling and passing through the mineral-specific blocking temperatures. Mechanism 2 is acquisition of chemical remanent magnetization (CRM) which can occur also during cooling. However, in the case of CRM, the magnetic minerals are formed below their blocking temperatures as a result of the new phase precipitation, for example, during the phase exsolution processes.
Both processes are very efficient and comparable in the resulting TRM intensity acquired just below the blocking temperature of the grains. At the blocking temperatures the magnetic moment of the grain is forced by the ambient magnetic field to be parallel to the applied field. Several degrees below this temperature, the stability of the magnetic moment against magnetic changes increases exponentially and information about the ambient field becomes frozen within the mineral grains. In the case of CRM, the new magnetic phase starts to nucleate at a subnanometer size. In this state, the magnetic moment of the grain is perturbed by thermal fluctuations and the blocking temperature of the grain is very low. With increasing size of the nucleating grain, the blocking temperature rises. Because the CRM has, by definition, blocking temperatures above the temperature of the precipitate, the blocking temperature of the growing grain must, at some point, reach the precipitating temperature. At this growth stage, the grain records the ambient magnetic field and further growth will contribute to further stabilization of the CRM.
Available magnetic minerals.
Only a few magnetic minerals can be responsible for magnetic anomalies on Mars. Attempts were made to assess the nature of the magnetic minerals in the Martian soil (Viking and Pathfinder missions) by collecting small magnetic particles with strong magnets that were part of the experiment packages on the Viking (1976) and Pathfinder (1996) landers. This resulted in a list of potential magnetic mineral candidates-notably metallic iron, magnetite and/or titanomagnetite, maghemite, and monoclinic pyrrhotite. All these minerals have high magnetic susceptibility; this equipment yields no information about lower susceptibility minerals such as hematite, and goethite as they would not be attracted by the magnet arrays.
The sources of remanent magnetism do not necessarily constitute the same spectrum of magnetic minerals sampled by the lander mission magnet arrays. Magnets attract high susceptibility minerals that may not have the potential to hold a stable remanence. In this note we evaluate the class of magnetic minerals that may represent the sources of remanent magnetization for these anomalously large planetary magnetic anomalies.
Among the common rock-forming minerals, only a few are capable of acquiring and retaining significant remanent magnetization. These minerals are among the oxides and sulfides, which are commonly found on Earth. The available petrographic data for the SNC meteorites, inferences based on soil analyses, magnetic experiments on the Viking and Pathfinder missions, and inference based on the Thermal Emission Spectrometer suggest that magnetite, hematite, and . For a 30-km magnetized layer, this moment translates to a magnetization of ~20 A/m. It can be assumed that initially this magnetization was acquired as a TRM/CRM, because these are the only remanence acquiring mechanisms operating in the deep crustal rocks. Table 1 shows an example of common values for remanent magnetizations acquired in geomagnetic field by common terrestrial rocks (NRM column). The maximum possible magnetization of these specimens is also shown (SIRM column). This data set indicates that it is quite exceptional for terrestrial rocks to have a magnetization of 20 A/m, apart from the large volumes required (30-km layer) with uniform magnetization.
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The magnetization of hematite, magnetite, and pyrrhotite in their pure form changes according to grain size (Figure 2 , note that the unit is kA/m). The diagram (the acquisition field is 0.1 mT) indicates that the maximum possible TRM of large grains of hematite and pyrrhotite is a little more than 1000 A/m. Magnetization for small grains of magnetite is close to 10 000 A/m. Both hematite and pyrrhotite can acquire strong magnetization while in large grain size. Thus, maximum intensity per volume of the rock formation occurs when hematite and pyrrhotite accumulate by ore-forming processes. In such a case the concentration of hematite and/or pyrrhotite can be >50% (by volume) and magnetization of the entire rock can be greater than 500 A/m.
Magnetite can be more magnetic (by almost an order of magnitude) but only when small in grain size. There is only one mechanism that can preserve the small grain size of magnetite in deep crustal rocks. This mechanism is an exsolution from silicate minerals. Exsolution of fine grained magnetite permits only about a half percent (by volume) concentration due to problems of fitting magnetite in the host-phase crystal-lattice defects and due to a change from the phase hosting Fe that has to be compensated. This limits the maximum overall magnetization of rocks with magnetite (0.5% by volume) to about 50 A/m, an order of magnitude lower than magnetizations of hematite and pyrrhotite.
All three minerals-magnetite, hematite, and pyrrhotitecan generate enough magnetization to produce the observed magnetic anomalies. There must be a way to enhance the concentration of one of these minerals within large volumes of Martian crust while keeping a uniform magnetizing direction. As discussed before, ore deposits are one way of making possible large volumes of large magnetization regions. This is directly connected to the early history formation of the crust and choosing one of these minerals over the other will have major impact on the evolution path of Martian crust. Hematite presence in lower crustal Martian rocks would imply high oxidation levels. The occurrence of hematite-bearing lower crustal rocks on Earth may be attributed to the orogenic recycling of oxidized surface material, a process for which there is so far no clear evidence on Mars. Both magnetite and pyrrhotite have been detected in SNC meteorites. Lower crust with large concentration of magnetite requires a special mechanism to disperse fine-grained magnetite, and/or produce complex textures so the magnetization can be stable and survive more than three billion years. Pyrrhotite rich crust would imply large hydrothermal flows accumulating enough pyrrhotite concentration in a massive form. Magnetism, 1997) . "Unique thermoremanent magnetization of multidomain sized hematite: Implications for magnetic anomalies" by Kletetschka et al. (Earth and Planetary Science Letters, 2000) . "Mineralogy of the sources for magnetic anomalies on Mars" by Kletetschka et al. (Meteoritics and Planetary Science, 2000) . "Pyrrhotite and the remanent magnetization of SNC meteorites: a changing perspective on Martian magnetism" by Rochette et al. (Earth and Planetary Science Letters, 2001) . T L E
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